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Domain-engineered bicell (parallel compensated) pyroelectric detectors were constructed from
stoichiometric and congruent lithium tantalate. The variation of the pyroelectric current response
of these detectors was investigated as a function of temperature and position. We define a
pyroelectric response gradient �, which, near boundary of antiparallel domains, is asymmetric
and increases to 4% K−1 in the poled half of the congruent LiTaO3 bicell. The � variation in the
stoichiometric LiTaO3 bicell was also asymmetric and varied only 1% K−1. The contribution
of the primary, secondary, and tertiary pyroelectric effects are discussed along with a summary
of the stress and strain in the heated detector disk.
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INTRODUCTION

Among the fundamental scientific issues regarding characterization and do-
main studies in LiNbO3 and LiTaO3 is the question of material properties
near the domain wall of domain-reversed plates [1]. We have investigated the
pyroelectric behavior of domain-engineered congruent LiTaO3 (CLT)and
stoichiometric LiTaO3 (SLT) over a range of temperatures near room

∗Contribution of the National Institute of Standards and Technology, not subject to
Copyright.

39



TJ827-06 GFER November 27, 2003 14:29

40 J. H. LEHMAN and C. N. PANNELL

temperature and found that pyroelectric detector responsivity varies as a
function of position relative to the domain wall for z-cut plates. The mate-
rial which shows the most temperature and position-dependent pyroelectric
response is congruent material that has been domain reversed by electric
field poling. The pyroelectric response of SLT as a function of temperature
and position is less temperature dependent near the domain wall and may be
correlated with evidence of strain near the domain boundary [2].

Since the earliest domain-engineered (parallel compensated) pyroelec-
tric detector, it has been claimed that such detectors have responsivity with
reduced temperature dependence [3]. We have previously investigated tem-
perature dependence of the pyroelectric response of domain-engineered py-
roelectric detectors and obtained sets of results which both contradict and
confirm this generalization according to the experimental conditions. In this
paper we provide further evidence that supports the validity of these re-
sults, which may appear otherwise contradictory [4, 5]. Also, we update
previous arguments which attempt to explain the temperature-dependent
phenomena and discuss the primary, secondary, and tertiary pyroelectric
contributions.

Our motivation for this investigation is to build and evaluate large-area py-
roelectric detectors for laser and optical power metrology [5]. For this appli-
cation it is important to quantify the variation of the detector responsivity as a
function of temperature and to reduce it if possible. Temperature-dependent
variation can be a significant contribution to the measurement uncertainty
when using pyroelectric detectors as transfer standards for optical power
metrology. Our measurements indicate that domain engineering can change
the temperature dependence, but not necessarily reduce the magnitude of the
pyroelectric coefficient. Furthermore, the temperature dependence is posi-
tion dependent relative to the boundary of antiparallel domains.

We have evaluated SLT as well as CLT not only for the benefit of greater
understanding, but also because the construction of domain-engineered (par-
allel compensated) CLT-based detectors we have built in the past may be
replaced by SLT-based detectors in the future. Stoichiometric material dif-
fers from congruent material by virtue of its OH−1 concentrations and point
defects [6]. The off-congruent, lithium rich (LiO2 ∼58 mol%) melt for stoi-
chiometric processing results in lower OH−1 concentrations, which are pos-
sibly responsible for internal electric fields [2]. The immediate benefit of
using SLT in lieu of CLT is the coercive field necessary for electric field
poling is 10 times lower for SLT than for CLT (21 kV/mm for CLT com-
pared to 1.7 kV/mm for SLT) [2]. Therefore, SLT-based domain-engineered
pyroelectric detectors are potentially less expensive to build.
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BACKGROUND

The expression for the pyroelectric effect consists of two terms. The first term
represents what is known as true pyroelectricity and is sometimes referred
to as the primary pyroelectric coefficient, while the second term represents
what is known as false pyroelectricity of the first kind and may be referred
to as the secondary pyroelectric coefficient. In this document the two terms
are simply referred to as the first and second pyroelectric coefficients for
the primary and secondary pyroelectric effects, respectively. There is also a
third phenomenon, not usually expressed in a general way mathematically,
known as tertiary pyroelectricity. This phenomenon is observed when mea-
suring the pyroelectric coefficient over a range of temperatures. This tertiary
pyroelectric effect is difficult to quantify and arguably is not a fundamental
material property, but rather appears to be a consequence of the experimental
procedure or the physical surroundings of the material being evaluated [7].

It can be difficult to measure the total pyroelectric coefficient and even
more difficult to independently measure the primary and secondary coeffi-
cients near room temperature. Measurements of the pyroelectric coefficient
as a function of temperature for various materials [8], from cryogenic temper-
atures up to the Curie temperature, indicate that the pyroelectric coefficient
does not necessarily change monotonically. Furthermore, the first coefficient
may decrease while the second coefficient increases over the same temper-
ature range. As a result, for certain materials, there exists a temperature
where the pyroelectric coefficient is negligible because the first and second
coefficients are equal and opposite [9].

THE PYROELECTRIC RESPONSE GRADIENT

The pyroelectric current response as a function of position and temperature
is given by

i(x, θ ) = γ
p(x, θ )A

cvh
�e jωt (1)

where θ is the temperature of the detector plate, cv is the specific heat
of the detector material, h is the detector thickness, x defines a location
some distance from the domain wall on the detector surface heated by a
modulated input irradiance �e jωt (small 	θ ) over an area A. The relative
current response γ for a freestanding detector plate is that given by Holeman
[10], Peterson et al. [11], Phelan and Cook [12], and Bauer and Ploss [13].
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For this investigation, we define p (x, θ ) as an approximation topT
3 , which

defines the variation of the pyroelectric effect as a function of position and
temperature. For this discussion we are interested only in the pyroelectric
gradient transverse to the domain wall. Thus, using Eq. (1), we define �

as the normalized temperature dependence of the pyroelectric coefficient,
where

� =
[

1

θhi − θlo

] |i(x, θhi)| − |i(x, θlo)|
|i(x, θhi)| . (2)

Here we assume that the temperature dependence varies linearly over a
modest temperature range (θ = ±10◦C) near room temperature (θlo = 15◦C,
θhi = 35◦C). This assumption is based on temperature dependence of several
different detectors evaluated in the present investigation [5].

EXPERIMENTAL SETUP

The experiments undertaken required building two domain-engineered de-
tectors, one from CLT and the other from SLT [14, 15]. The detectors were
mounted and packaged so that the crystals were stress free (no mechanical
constraint for expansion and contraction) as shown in Fig. 1.

The domain-engineered plates were fabricated from z-cut 15 mm diam-
eter, 150 µm thick LiTaO3 wafers by a process similar to that described by
Lehman and Aust [16]. A pair of 25 nm thick Ni poling electrodes, defined
by a shadow mask, was deposited onto a plate and the spontaneous polar-
ization of those regions was reversed by applying a coercive field by means
of a technique described by Meyers et al. [17].

Figure 1. Schematic cross-section view of the unrestrained pyroelectric detector
plate.
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Figure 2. Photograph of the back of the unrestrained detector mounting. The dashed
line indicates the approximate location of the domain boundary. (See Color Plate I)

The two domain-engineered detectors (or bicells) were then fabricated
by depositing 25 nm thick Ni circular electrodes 1 cm in diameter, centered
on the circular plate. These electrodes also served as a thermal absorber. A
schematic cross-sectional view of the detector packaging is shown in Fig. 1
and a photograph of the construction (back facing camera) is shown in Fig. 2.

The packaged detectors were then mounted on a temperature-controlled
stage. The temperature was varied and recorded by computer control. The
detector responsivity was sampled and recorded from a lock-in detection
scheme, shown in Fig. 3. The position of the domain wall, orientation of the
crystal domains, and the translation of the probe beam (not to scale) in the
±x direction is shown is shown in Fig. 4.

RESULTS AND DISCUSSION

The results are presented in two parts: (a) comparison of the pyroelectric
response in each half of CLT and SLT bicells; (b) detailed examination of
the response gradient of each bicell near the domain boundary.

(a) The Pyroelectric Response

The measured current responsivity was 0.26 µA/W. The absolute respon-
sivity of the detectors based on congruent material was the same as the
stoichiometric material within ±2% at 20◦C. The responsivity of each half
of each bicell was within ±1% of the other. We have not thoroughly evaluated
the uncertainty of this measurement because we are primarily interested in
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Figure 3. Schematic view of the experimental setup for the temperature dependence
measurements.

the relative responsivity as a function of temperature and position of the 4 de-
tector areas (2 devices, each having areas of equal and opposite spontaneous
polarization).

The temperature dependence between 15◦C and 35◦C of the two domain-
engineered bicell pyroelectric detectors has a positive slope when illuminated
with a broadband lamp source (3400 K) covering a relatively large fraction
of the detector area. The temperature dependence (slope) we measure is

Figure 4. Representation of the relationship of the 674 nm wavelength probe beam
and the domain-engineering boundary. Beam size less than 0.2 mm diameter (that
is, 99% of power within a 0.2 mm diameter).
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0.75% K−1. The temperature dependence has been reported for congruent
LiTaO3 and LiNbO3 to be anywhere between 4% K−1 to 0.1% K−1 with
various mounting conditions [4, 18].

(b) Response Gradient Near the Domain Boundary

The temperature dependence of the detector response near the domain bound-
ary was examined in greater detail. In principle, the measurement is identical
to (a), with the additional procedure of probing the detector response at in-
cremental positions (10 µm increments) with a 0.2 mm diameter, 674 nm
wavelength laser along a line perpendicular to the domain wall. The mea-
surement of temperature dependence as a function of position was repeated
at 15◦C and 35◦C. The measurement result, on the basis of position for both
15◦C and 35◦C are shown in Fig. 5. The data R(x, θ ) are expressed as the
ratio of the current response i(x, θ ) to the response i(200, θ ) far from the
domain wall (that is, x = 200 µm). The ratio of the response at each position
and at the two temperature extremes were calculated as shown in Eq. (2).
The result of this calculation is shown in Fig. 6. The procedure was repeated
with the SLT bicell. The results of this measurement are shown along with
those from the CLT bicell in Fig. 7.

The relative response in Fig. 5 is proportional to the pyroelec-
tric coefficient in Eq. (1). The total pyroelectric coefficient (constant

Figure 5. Relative current response of the CLT bicell near the domain boundary
evaluated at a detector temperature of 15◦C (•) and 35◦C (�).
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Figure 6. Response gradient calculated using the data from Fig. 6 using Eq. (2).

stress) [7] is

pT
3 = pS

3 + [
2α1

(
dT

31c11 + dT
31c12 + dT

33c13
) + α3

(
2dT

31c13 + dT
33c33

)]
, (3)

where α1 are the coefficients of thermal expansion, diJ are the piezoelectric
strain coefficients, and cIJ are the elastic stiffness coefficients (note: the
subscript notation in capital letters indicates matrix notation, while the small
letters are tensor notation [19]). For LiTaO3, pT

3 = 19 nC cm−2 K−1 [20].
The secondary pyroelectric coefficient for LiTaO3 is the bracketed portion

Figure 7. Response gradient of CLT bicell compared with SLT bicell.
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of Eq. (3), which is

p3secondary = [
2α1

(
dT

31c11 + dT
31c12 + dT

33c13
) + α3

(
2dT

31c13 + dT
33c33

)]
.

(4)

Therefore, the calculated value of the secondary pyroelectric coefficient
(using values given by Smith and Welsh [21]) is −0.7 nC cm−2 K−1.
The value of the pyroelectric coefficient is noteworthy for three reasons:
(1) The magnitude of the secondary coefficient is less than 4% of the total
pyroelectric coefficient; (2) the secondary coefficient is negative while the
total coefficient is positive; (3) the total coefficient is uniform as a function
of position if we assume that the material properties are also uniform.

Our experimental results might indicate that either the primary or sec-
ondary pyroelectric effect is being suppressed (or favored) near the domain
wall, and that the gradient we observe is proportional to the change in either
coefficient. However we must also consider the relationship of stress, strain,
and temperature of the detector disk. We know from Gopalan et al. [6], that
there is residual strain near the domain boundary of antiparallel domains
and that the strain is lower for SLT than for CLT. We have confirmed this
by observing the change in index of refraction at the domain boundary of
the CLT and SLT samples. We know from Nye [7] that tertiary pyroelec-
tricity is the result of a “nonuniform state of affairs.” According to Nye’s
explanation, the non-uniform state is the result of temperature gradients,
which are responsible for non-uniform stresses and strains. In this case, we
assert that the temperature gradients are negligible, but that non-uniform
strain exists because of antiparallel domains, and this strain modifies the
pyroelectric response as a function of position near the domain boundary.
The question remains whether the gradients we observe may be attributed
to tertiary pyroelectricity and if so, whether it can be quantified.

The appendix summarizes the thermally induced stress in a thin disk for
uniform or partial heating, for either a clamped or freely suspended disk. Our
experimental design matches the case of partial heating of a clamped disk.
As indicated in the appendix, whether the detector disk is clamped or freely
suspended is irrelevant if we heat only a small portion of the disk, far from
the disk perimeter. From this, we expect the response gradient to be zero
and the pyroelectric coefficient to be constant as a function of position. Our
results indicate that this is not the case. The absolute value of �is greater
than three near the domain wall of the CLT bicell. The gradient increases
as the area of heating nears the domain boundary. The gradient is relatively
smaller for the SLT bicell. Therefore, it is more plausible that the response
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gradient is the result of tertiary pyroelectricity, which is a result of a strain
gradient near the domain wall, rather than variation of the first or second
pyroelectric coefficients.

CONCLUSION

We found that the temperature dependence of the pyroelectric response of
both CLT and SLT is not constant when probed with a laser light source
covering a relatively small fraction of the detector area. However, the vari-
ation may be correlated with the position of the probe beam relative to the
boundary of antiparallel domains. The slope of the temperature dependence
(the pyroelectric response gradient, �) of the pyroelectric coefficient varies
relative to the position of a domain boundary. The gradient is larger for CLT,
than it is for SLT. In the absence of domain boundaries, the state of stress and
strain in a heated pyroelectric detector depends on the mechanical boundary
conditions and the size of the area of heating. Equations in the appendix
treat three cases: (1) uniform heating of an entire clamped detector disk;
(2) uniform heating of an entire unclamped detector disk; (3) heating of a
small area away from the edge of a clamped or unclamped detector disk. The
heating and clamping of the detectors we have investigated are best repre-
sented by the third case, but it does not account for the gradient we observe.
We attribute the pyroelectric response gradient to the tertiary pyroelectric
effect, which is the result of strain near the domain boundary.
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APPENDIX: STRESS, STRAIN, AND THE PYROELECTRIC
COEFFICIENT FOR LiTaO3 AND LiNbO3

The behavior of the pyroelectric coefficient for a z-cut pyroelectric plate
depends on properties of the crystal from which the plate is made, the
geometry and physical mounting of the plate, and the volume of heating.
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We limit the present discussion to LiTaO3 and LiNbO3and consider the
mathematical implications of a circular plate that is clamped around the
perimeter, partially clamped, or simply supported (entirely unconstrained).
A complete discussion is lengthy because the mathematics of the derivation
includes manipulation of third- and fourth-order tensors. However a com-
plete description of the pyroelectric coefficient is important and we sum-
marize the description by way of stating the essential points. We abbreviate
the discussion by considering the materials to have an isotropic modulus
elasticity E and a coefficient of thermal expansion α based on an average
of the direction-dependent values (the digression from the full 3 m crystal
properties to the isotropic approximation is not given).

The equation of equilibrium for a plate in cylindrical-polar coordinates
(r, φ) is given by Timoshenko and Goodier [22] in the form of

∂σrr

∂r
+ 1

r

∂σrφ

∂φ
+ σrr − σφφ

r
+ R = 0 (5)

and

∂σφφ

∂φ
+ 1

r

∂σrφ

∂r
+ 2σrφ

r
+ S = 0 (6)

where R is the body force density [N m−3] in the r̂ direction and S is the
body force density in the φ̂ direction. The notation for stress and strain based
on the symbols σ and ε with subscripts r , φ, and z is used to distinguish the
stress and strain tensors in cylindrical polar coordinates. The components of
the stress tensor have the conventional form

Tjk =




σrr σrφ σr z

σφr σφφ σφz

σzr σzφ σzz


 . (7)

A plate section relative to the coordinate system is shown in Fig. 8.
We assume that the temperature of the plate does not vary over the thick-

ness; hence, the stress and strain also do not vary in the z direction and
σr z = σφz = σzz ≡ 0 we define as a boundary condition. Thus Eqs. (5) and
(6) reduce to

∂σrr

∂r
+ σrr − σφφ

r
= 0 (8)
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Figure 8. Coordinate system relative to a plate section with stresses σrr and σφφ .

and because we assume axial symmetry of heating at the center of the plate

σrφ = 0. (9)

Given the development so far, for plane stress, Hooke’s law takes the form
in plane-polar coordinates

εrr = 1

E
(σrr − νσφφ)

εφφ = 1

E
(σφφ − νσrr)

εrφ = 1 + ν

E
(σrφ).

(10)

Timoshenko and Goodier [22] indicate that the typical stress-strain relation-
ships are modified for thermal expansion, because some of the strain is due
to thermal expansion and some is due to stress: thus if εrr represents the
actual radial strain, (εrr − αθ ) represents the part due to stress and Hooke’s
law. In this case the stress-strain relationship is correctly expressed as

εrr − αθ = 1

E
(σrr − νσφφ) (11)

and

εφφ − αθ = 1

E
(σφφ − νσrr). (12)



TJ827-06 GFER November 27, 2003 14:29

52 J. H. LEHMAN and C. N. PANNELL

Thus

σrr = E

1 − ν2
[εrr + νεφφ − (1 + ν)αθ ] (13)

and

σφφ = E

1 − ν2
[εφφ + νεrr − (1 + ν)αθ ]. (14)

When Eqs. (13) and (14) are substituted into Eq. (8) the equilibrium equation
now has the form

r
d

dr
(εrr + νεφφ) + (1 − ν)(εrr − εφφ) = (1 + ν) αr

dθ

dr
. (15)

If u denotes the radial displacement field, then

εrr = du

dr

εφφ = u

r
.

(16)

Substituting Eqs. (16) into Eq. (15) yields for the radial displacement

d2u

dr2
+ 1

r

du

dr
+ u

r2
= (1 + ν) αr

dθ

dr
. (17)

Integrating Eq. (17), we find

u = (1 + ν)α

r

∫ r

0
θ (r )rdr+

[
C1r + C2

r2

]
(18)

where the lower limit of integration is arbitrary and we choose r = 0 for the
center of the disk coincident with the circular area of heating. The stresses
can now be found using Eqs. (18) substituted into Eq. (16) and then into
Eqs. (13) and (14). Timoshenko and Goodier [22] state this as

σrr = −αE

r2

∫ r

0
θ (r )rdr + E

1 − ν2

[
C1(1 + ν) − C2

(1 − ν)

r2

]
(19)

and

σφφ = αE

r2

∫ r

0
θ (r )rdr − αEθ + E

1 − ν2

[
C1(1 + ν) − C2

(1 − ν)

r2

]
(20)
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Figure 9. A pyroelectric plate unconstrained (no clamping, resting on a surface).

where C1 and C2 are determined from the boundary conditions.
For an unrestrained disk shown in Fig. 9 of radius a, C2 = 0, and

C1 = (1 − ν)
α

a2

∫ a

0
θ (r )r dr . (21)

Therefore Eqs. (19) and (20) become

σrr = αE

{
1

a2

∫ a

0
θ (r )rdr − 1

r2

∫ r

0
θ (r )rdr

}
(22)

and

σφφ = αE

{
1

a2

∫ a

0
θ (r )rdr + 1

r2

∫ r

0
θ (r )rdr − θ (r )

}
. (23)

For a disk clamped around its perimeter as shown in Fig. 10, C2 = 0,

C1 = (1 + ν)
α

a2

∫ a

0
θ (r )rdr − αθ (a), (24)

and for r = a, Eqs. (19) and (20) become

σrr = −αE

{
1

a2

∫ a

0
θ (r )rdr − E

(1 − ν2)
C1(1 + ν)

}
(25)

and

σφφ = αE

a2

∫ a

0
θ (r )rdr + E

(1 − ν2)
C1(1 + ν) − αEθ (a). (26)
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Figure 10. A pyroelectric plate clamped about its perimeter.

SUMMARY OF BOUNDARY CONDITIONS IN RELATION
TO SPONTANEOUS POLARIZATION

Uniform Heating of a Thin Circular Disk

For a pyroelectric detector for which the incident optical beam area is com-
parable to the detector area, the mounting conditions are relevant to the
temperature dependence of the responsivity. For the first approximation, we
consider the plate to be mechanically isotropic, by way of using the modulus
of elasticity E , Poisson’s ratio ν, and coefficient of thermal expansion α.

For a freely suspended disk with uniform heating, σrr = σφφ = 0, σzz =
0. For the steady state condition when the temperature of the volume of
the disk heated by the optical beam, the piezoelectric contribution to the
pyroelectric effect is small. At the onset of heating by the optical beam, the
temperature within the crystal is nonuniform (in the z direction) and the
piezoelectric contribution is varying (until the temperature reaches steady
state).

For a clamped disk and uniform heating; σrr = σφφ = −αEθ . Thus even
after the plate temperature has reached steady state, stresses are present
which will contribute to the pyroelectric coefficient with the spontaneous
polarization

P3 = (σrr + σφφ)d31 (27)

The contribution is the differential

∂ P3

∂θ
= −2αEd31, (28)

where α and E are the coefficient of thermal expansion and modulus of
elasticity. If the partial derivative of Eq. (28) changes with temperature, it is
because α, E , or d31 changes with temperature. Smith et al. [21] give data
specifically for the temperature coefficients of α and d31 and the elasticity.
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Heating of a Small Circular Fraction of a Thin Circular Disk

For either a freely suspended or clamped disk illuminated with a circular op-
tical beam (not near the perimeter of the disk), much smaller than the detector
diameter, is considered by Schein et al. [23]. The material surrounding the
heated region clamps the heated region, forcing radial and tangential strains
to be zero at the boundary of the heated region. That is

εrr = εφφ = 0. (29)

In this case the origin of the cylindrical-polar coordinate system is always
taken at the center of the beam area. Schein et al. [23] give the equation

σrr(0, θ ) = σφφ(0, θ ) = −1

2
αEθ (30)

so that

∂ P3

∂θ
= −αEd31. (31)

Nonuniform Heating or Nonuniform Stress
in a Thin Circular Disk

The case of nonuniform heating over the heated area, due to a nonuniform
optical beam was done by Schein et al. [23]. Additional treatment is neces-
sary for the case of nonuniform stress introduced by the mounting condition
or the presence of a domain wall. The material variables in Eqs. (28) and (31),
that is the coefficient of thermal expansion (α), Young’s modulus (E), and
the piezoelectric strain coefficient (diJ) are spatially homogeneous and, in
principle, unchanged by domain reversal (with the exception that the piezo-
electric strain coefficient reverses its polarity with domain reversal [24]).
Therefore, Eq. (31) is not explicitly useful for understanding the pyroelec-
tric response gradient. The challenge remains whether the strain and hence
nonuniform stress in the detector region near the boundary of antiparallel
domains may be quantified and correlated with the pyroelectric response
gradient.


